cDNA expression cloning is a powerful method for the rescue constructing several large retroviral libraries (105 to 106 individual clones) and then using one of these libraries to isolate cDNAs for interleukin-3 and granulocyte-macrophage colony-stimulating factor on the basis of the ability of these factors to confer autonomous growth on the factor-dependent hemopoietic cell line FDC-P1.
The hematopoietic system provides us with an exceptional experimental system for studying the control of cellular proliferation and differentiation. During the past several years our understanding of this complex system has improved considerably, largely because of the isolation of growth factors and their cognate receptors, as well as the genes which encode them. Despite this progress, the manner in which such genes and their products interact to maintain normal hematopoiesis in the bone marrow environment is yet to be clearly elucidated. Although several hematopoietic growth factors are known to be produced by marrow-derived stromal cells in vitro (14, 22) , the existence of a number of presently unknown growth factors can be imputed from the identification of growth factor receptors (for which the ligands have yet to be identified) that are expressed specifically on hematopoietic cells. For example, the tyrosine kinase class receptor flk-2, which is related to c-fins (the colony-stimulating factor 1 receptor), is expressed in populations enriched for hematopoietic stem and early progenitor cells but not in mature cells (30) , which suggests that this receptor, and thus its ligand, might have a specific regulatory role in hematopoiesis. Similarly, the human homolog of the v-mpl oncogene, c-mpl, has recently been cloned and shown to be highly homologous to the hematopoietin receptor superfamily (42) . c-mpl is expressed in a variety of cells of hematopoietic origin, but, as for the flk-2 gene, no function can be ascribed to it, nor is the ligand known. Additionally, relatively little is known about the role of genes whose products function within the cell to regulate the processes of proliferation and differentiation. Such genes might include master genes that encode transcription factors responsible for lineage-specific gene expression.
We have chosen to approach the isolation of potential hematopoietic regulatory genes by the use of cDNA expression cloning. Expression cloning techniques, notably those developed by Seed and Aruffo (2, 38) , have proven successful for the isolation of genes encoding adhesion molecules, growth factor receptors, and a variety of other putative regulatory molecules, but the techniques so far devised have a number of limitations when applied to hematopoietic cells and the cell lines derived from them. Hematopoietic (25, 27) . Moreover, the viral DNA is stably integrated, in a predictable configuration, in the infected cells at one or a few copies per cell. This allows for expansion of individual infected cells displaying a particular phenotype and facilitates recovery of sequences inserted in the provirus. We have tested this system by creating a retroviral cDNA library from activated T cells and isolating the cDNAs for the hematopoietic growth factors interleukin-3 (IL-3) and granulocyte-macrophage colony-stimulating factor (GM-CSF) by using a functional assay in a factor-dependent cell line.
GENERATION OF RETROVIRAL EXPRESSION LIBRARIES
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MATERIALS AND METHODS
Vector construction. pRUFneo (see Fig. 2 ) was derived from the MPZen vector described by Johnson et al. (19) and a rearranged M3Neo(myb) provirus present in the U22.4 cell line (12) . Briefly, the multicloning site shown in Fig. 2 was inserted into the unique XhoI site of MPZen, and the sequence from the SacI site in the 5' long terminal repeat (LTR) to the BamHI site in the multiple-cloning site (MCS) was replaced by a 1,570-bp fragment that encompasses a portion of the LTR (5' of the SacI site), 5' untranslated sequences, and the indicated (see Fig. 2 ) gag sequences all derived originally from the myeloproliferative sarcoma virus-based M3Neo retroviral vector (23) . The rearrangement resulted in a partial deletion of sequences from the proviral gag and pol genes and a complete loss of the neo gene (12) . The sequence between the BglII site in the MCS and the ClaI site in MPZen was replaced by the 1,090-bpXhoI-DdeI neo fragment of pMClneo (41) . A complete description of the construction and properties of this vector will be presented elsewhere.
cDNA synthesis and cloning. cDNA was synthesized essentially as described by Huse and Hansen (16) with the following modifications. (i) For first-strand synthesis, 2,ug of poly(A)+ mRNA (isolated as described by Gonda et al. [13] ) from lectin-stimulated cells of the murine T-cell line LB3 was incubated for 1 h at 37°C in a 25-,u 4 ,ul of second-strand deoxynucleoside triphosphates (dNTPs) (10 mM each dATP, dTI?, and dGTP and 26 mM dCT7P), 6 p.l of 100 mM dithiothreitol, and water to 160 p.1. The reaction was started by adding 32 U of Escherichia coli DNA polymerase I (Pharmacia) and 0.8 U of E. coli RNase H (Pharmacia), and incubation was carried out at 16°C for 2 h, at which time the double-stranded cDNA was ethanol precipitated. To blunt the ends of the cDNA, the pellet was resuspended in 50 p.l of T4 polymerase buffer (33 mM Tris-acetate [pH 8.5] , 66 mM potassium acetate, 10 mM magnesium acetate, 0.5 mM dithiothreitol, 100 p.g of bovine serum albumin per ml) and the mixture was made up to 0.2 mM with respect to dNTP; the reaction was initiated by the addition of 8 U of T4 DNA polymerase I (Promega). Incubation was carried out for 10 min at 37°C, and then the enzyme was heat inactivated at 75°C for 30 min. After being cooled on ice, the reaction mixture was supplemented with ATP to a final concentration of 1 mM; 0.1 optical density at 260 nm unit of a BamHI-NotI adaptor (Pharmacia) and 8 U of T4 DNA ligase were added, and the mixture was incubated overnight at 16°C. The ligase was heat inactivated at 65°C for 30 min, and the cDNA was phosphorylated with 15 to 20 U of T4 polynucleotide kinase at 37°C for 30 min. The cDNA was then digested for 2 h with XhoI after the total salt concentration had been adjusted to 150 mM. The digest was phenol extracted, and the cDNA was passed through a Sephacryl S-400 spin column (Pharmacia) to select for cDNA fragments greater than 500 bp.
Cloning into pRUFneo. pRUFneo containing a 1-kb stuffer sequence cloned into the unique BamHI and XhoI sites (see Amplification of the library. Aliquots of 1 p . l (ca. 5 ng) of the resuspended ligation mix were electroporated into E. coli DH1OB (GIBCO) by using a Gene Pulser apparatus (BioRad). The electroporated cells were grown for 1 h at 37°C in 1 ml of SOC medium (37a), plated out on 150-mm LBampicillin plates (100 p.g of ampicillin per ml) and grown overnight at 37°C. The resulting colonies were scraped from the plates into LB medium, and the total cells from all the plates for a particular experiment were pooled. The cells were pelleted, and supercoiled plasmid DNA was prepared from the pellet by alkaline lysis followed by purification on a CsCl gradient. When necessary, more DNA was generated by reelectroporation of E. coli DH1OB with aliquots of this DNA.
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Additionally, infected cells were selected in FD medium containing 1 mg of G418 per ml and maintained in this medium at a reduced G418 concentration (200 ,g/ml). Genomic DNA isolation. Genomic DNA was isolated from cells by using a proteinase K-sodium dodecyl sulfate procedure essentially as described by Hughes et al. (15) .
PCR of genomic DNA. PCRs with 1 p,g of genomic DNA were performed essentially as described by Saiki (37) . The primers used for amplification were RCFI (TTGGGGACTC TGCTGACCAC), which corresponds to the vector gag sequence approximately 80 bp 5' of the MCS, and RCR1 (CTTGCAAAACCACACTGCTCG), which corresponds to the MClneo sequence immediately adjacent to the 3' end of the MCS. The reactions were performed in a Perkin-Elmer Thermocycler for 35 cycles, and the cycling parameters were denaturation at 94°C for 1 min, annealing at 60°C for 2 min, and extension at 72°C, initially for 2.5 min and then increasing by 5 s per cycle. The reaction mixtures were denatured at 94°C for 4 min before cycling commenced, and a final 7-min extension was included after cycle 35.
Southern blots of genomic DNA. Genomic DNA, digested with either BamHI or SacI, was fractionated on a 0.7% agarose gel, transferred to Hybond N+, UV cross-linked at 0.75 J/cm2, and probed with a 32P-labeled 1,090-bp XhoIDdeI neo fragment from pMClneo as recommended by the manufacturer.
Southern blots of PCR-generated DNA. DNA from PCR of genomic DNA (see above) was fractionated on a 1.2% agarose gel and prepared for probing as described in the preceding section. Blots were probed as described by Mason and Williams (29) with 32P-labeled oligonucleotides specific for either IL-3 (GATAACGTATCTGTCCTCAGGATC) or GM-CSF (ATCTfCAGGCGGGTCTGCACACATG).
Northern (RNA) blots. Poly(A)+ RNA was isolated from factor-independent clones as described by Gonda et al. (13) . A 1-,ug sample of this RNA was fractionated on a formaldehyde-agarose gel and blotted to a Hybond N membrane (Amersham) as specified by the manufacturer. The blot was dried, UV cross-linked in at 0.4 J/cm2, and probed with the neo probe described above for genomic DNA.
RESULTS
Outline and rationale of the protocol. An outline of the protocol is presented in Fig. 1 library of a complexity of approximately 106 could be generated from 100 ml of viral supematant. However, when larger-scale experiments were performed, it appeared that the actual number of colonies obtained was strongly influenced by the volume of the supernatant used to carry out the infection. Table 1 , experiment 3, shows that when 2 ml of supernatant was used to infect one dish of T2 cells, approximately 46,000 colonies were recovered whereas 8 ml of the same supernatant yielded only 32,000 colonies. This suggests that the infection frequency under the conditions used here is more a function of virus concentration than of the absolute number of infectious units. in this case the bone marrow stromal cell library referred to above (44) , and, again, experiment 4 clearly demonstrates the effect of volume described above. We are at present conducting experiments designed to identify the factor(s), other than virus concentration, responsible for the variation in the sizes of the libraries that are generated. Neverthekhss, when taken together, the results shown in Table 1 (6, 23, 24, 43) . The efficiency of infection of the FDC-P1 cells was 30 to 50%, as estimated by agar plating of the infected cells in the presence of G418 (Table 2) . Every pool (i.e., the virus-producing cells derived from infecting 106 T2 cells) in each experiment gave rise to factor-independent FDC-P1 cells, suggesting that clones capable of conferring factor independence are present at a frequency of at least 1 in 3,000 (Table 1, experiment 1) . However, estimates of the frequency of factor-independent clones obtained by plating the infected cells in agar (Table 2) suggest that it is in fact somewhat higher (1 in 200 to 1 in 400). A number of these factor-independent clones were isolated from agar plates and analyzed for the presence and expression of proviral DNA; additionally, the sequence of the cDNA carried by each provirus was determined (see below).
Analysis of proviral integration. Southern blot analysis, with a neo probe, of BamHI-SacI-cut genomic DNA from several of the factor-independent clones provided information about the structure of the retrovirus(es) carried by these clones. BamHI cuts at a unique site within the retrovirus (Fig. 2 and 3A) and gives an estimate of the number of proviruses carried by each clone. This number varies between one and four (Fig. 3B) , confirming the relatively low copy number of the virus in these cells. SacI cuts at unique sites within the retroviral LTRs ( Fig. 2 and 3A) and permits (\C estimation of the size of the retrovirus. The sizes observed are consistent with a retrovirus carrying an insert of about 950 ± 100 bp in each case, except for clone 14 , which also appears to carry a provirus with a smaller insert plus two proviruses lacking inserts.
Analysis of the retroviral transcripts. Figure 4C shows the result of probing a Northern blot of poly(A)+ RNA from two of the factor-independent cell lines with a Neor probe. One of these clones was subsequently shown to contain a proviral insert coding for IL-3, whereas the other codes for GM-CSF (see below). This blot confirms the size estimates of the cDNA inserts as suggested by the Southern blots of the genomic DNA (i.e., the transcripts arising from each of the clones are approximately 1 kb larger than those of the parental vector) and also demonstrates that the proviral sequences are expressed.
PCR analysis of genomic DNA from factor-independent clones. We used PCR to rescue the cDNA sequences from the genomic DNA of a number of factor-independent FDC-P1 clones. The primers used were complementary to sequences adjacent to the MCS in the retroviral vector. A fragment of between 800 and 1,000 bp was amplified in almost every case (Fig. 5A) . Similarly, a Southern blot of the gel shown in Fig. 5A , probed with oligonucleotides specific for either IL-3 or GM-CSF, showed that in most instances one PCR product hybridized with one or the other of the probes (Fig. 5B and C) . The (Fig. 2) . (34) and 780 nucleotides (9, 33) , respectively [excluding the poly(A) tail]. These observations thus indicate that, with the exception of clone I4, the retrovirally mediated factor independence that we observed is the result of infection with a virus carrying the gene for one of these CSFs. Clone I1 hybridizes with both probes; although the reason is not entirely clear, the most likely explanation is that two adjacent clones were picked together from the agar plate in the initial isolation procedure. One component (IL-3) seems to be minor (compare the intensities in Fig. SB and C) VOL. 14, 1994 IU'nspliced at Penn State Univ on February 6, 2008 mcb.asm.org underlying this test was that stimulated T cells would contain the mRNA for one or both of these factors and that introduction of the cDNA for these mRNAs as part of a retroviral library would allow their rescue of on the basis of the properties they would confer on the factor-dependent cell line FDC-P1 (namely, factor-independent growth). Our results clearly show that gene transfer by the retrovirus is very efficient (Table 2) and that the genes carried by the provirus in the various factor-independent cell lines that we isolated are expressed (Fig. 4C) and functional. Structural analysis has shown no abnormalities in the transduced genes, and, as expected, the sequences are full length and conform to the known sequences for these genes.
By screening the cDNA library in E. coli for the presence of GM-CSF and IL-3 sequences, we could compare the frequency at which factor-independent FDC-P1 clones are generated with the abundance of these sequences in the original cDNA library. We estimated the latter frequency by hybridizing cDNA probes for either IL-3 or GM-CSF to bacterial plate lifts of E. coli transformed with the cDNA library. Estimates of the abundance obtained by this procedure suggest that the combined frequency of GM-CSF and IL-3 sequences in the library is approximately 1 in 450 (data not shown), which compares well with the estimates obtained from the agar-plating experiments (Table 2) . However, both of these numbers are probably overestimates, for the following reasons. Estimates from agar-plating experiments presuppose only one retroviral integration per cell, when, on the average, this number is larger (Fig. 3B) . Second, the estimate arrived at by probing the bacterial plate lifts assumes that all the bacterial clones carry full-length inserts. Although the cDNA was size selected, there may still be some incomplete copies present which will hybridize with the probe but will not be biologically functional. Nevertheless, recovery of factor-independent FDC-P1 clones at a frequency similar to the abundance of GM-CSF and IL-3 in the cDNA library demonstrates the efficiency of our protocol and augurs well for the isolation of low-abundance sequences in future applications.
In principle, retrovirus expression cloning can be used to isolate any cDNA for which a functional screen can be devised. The main criteria for such a screen are that one can distinguish and recover infected cells displaying the phenotype that would be expected to be conferred by a particular gene. Properties that might be the basis of a phenotypic screen could include, in addition to factor independence, adhesion, induced differentiation along pathways that are not normally shown by a particular cell type, and oncogenic transformation. Although the incentive for developing the protocol described here relates to our interest in hematopoiesis, its use need not be restricted to hematopoietic cells. Indeed, it is intended to be of general application, and by using ecotropic packaging cells for the transient transfection and generating a stable library of amphotropic virus producers (the reverse of what is described here), the range of cells that could be used for functional selection could be extended to nonrodent species.
